By mutational analysis it was found that a 3.9-kb SmaI-XhoII DNA fragment of Xanthomonas campestris pv. campestris is involved in lipopolysaccharide (LPS) biosynthesis. LPS samples isolated from different mutants carrying mutations in the 3.9-kb SmaI-XhoII DNA fragment exhibited banding patterns in silver-stained sodium dodecyl sulfate-polyacrylamide gels markedly different from that of the wild-type LPS. Moreover, comparison of the monosaccharide composition obtained by high-performance anion-exchange chromatography with pulsed amperometric detection of LPS purified from wild-type Xanthomonas campestris pv. campestris B100 and from mutants with mutations in the 3.9-kb SmaI-XhoII DNA fragment revealed a lack of rhamnose moieties in the mutant LPS. Sequence analysis of this DNA fragment revealed four open reading frames (ORFs), designated ORF302, ORF183, ORF295, and ORF351. The deduced amino acid sequences of these ORFs showed a high degree of homology to the deduced amino acid sequences of the rJbC, rJbD, rnbA, and rJbB
genes of SalmoneUla typhimurium LT2, which have been shown to encode a set of enzymes responsible for conversion of glucose 1-phosphate to dTDP-rhamnose.
Xanthomonas campestris pv. campestris is the causal agent of black rot of crucifers (33) . Like many other plant-pathogenic bacteria, X campestris pv. campestris produces large quantities of an exopolysaccharide (xanthan), which is secreted into the medium. Surface polysaccharides, such as lipopolysaccharides (LPS) or exopolysaccharides (EPS), may have protective functions for the organism, but they are also considered to represent factors involved in the bacterium-plant interaction (5) . A number of genes involved in xanthan biosynthesis have been characterized, and evidence suggests that they are clustered (2, 8, 28) . In contrast to the biochemistry and genetics of xanthan biosynthesis, the LPS of X. campestris has attracted little attention, although data on other plant-pathogenic bacteria suggest a pathogenic involvement of LPS (9) . In recent years, some data on the chemistry of X campestris LPS have been accumulated. Like the LPS of other gram-negative bacteria, it consists of a hydrophobic part (lipid A) and a hydrophilic polysaccharide portion. The polysaccharide can be further divided into the core region and an 0-specific component. In X. campestris, two different types of LPS were reported, a phenol-soluble LPS and a water-soluble LPS. The phenolsoluble LPS contained D-rhamnose and 3-acetamido-3,6-dideoxygalactose as main components but no 2-keto-3-deoxyoctulosonic acid, which is commonly found as a component of LPS (10) . The water-soluble LPS was found to contain glucose, mannose, galactose, rhamnose, and galacturonic acid in the polysaccharide portion of the molecule (30) . 2-Keto-3-deoxyoctulosonic acid was also present in this LPS, but in contrast to the LPS of enteric bacteria, no heptose was found (30) .
Recently, we described the cloning and mapping of a 35.3-kb DNA region involved in surface polysaccharide biosynthesis (12) . Some of the reported EPS-deficient mutants showed phenotypical alterations which could be correlated with defective LPS biosynthesis. These pleiotropic mutants were also affected in virulence (16) . A 3.4-kb EcoRI-PstI DNA fragment within this 35.3-kb DNA region was found to contain genes involved in the biosynthesis of UDP-glucose and GDP-mannose (15) . In the current report, a more detailed analysis of the adjacent 3.9-kb SmaI-XhoII fragment is presented and data are provided which show that it carries four genes involved in the biosynthesis of dTDP-rhamnose, the precursor for the rhamnose moieties of the X campestris pv. campestris LPS.
MATERUILS AND METHODS Bacterial strains. The strains used in this study are listed in Table 1 .
Media and growth conditions. Liquid cultures of X campestris were grown at 30°C in modified M9 medium (6 g of Na2HPO4, 3 g of KH2PO4, 0.5 g of NaCl, 1 g of NH4Cl, 1 ml of 1 M MgCl2, and 0.1 ml of 1 M CaCl2 in 1 liter of H20) supplemented with 3% glucose and 0.05% Casamino Acids. The antibiotics streptomycin and kanamycin were used at. concentrations of 800 and 80 ,ug/ml, respectively.
Biochemicals. The chemicals used were obtained as follows: (25) . The deduced amino acid sequence was compared to the National Biomedical Research Foundation protein data base by using the FASTA programs (18) .
SDS-PAGE of LPS. For sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), the LPS was solubilized from proteinase K-treated cells as described by Goldman and Leive (7) . The pellet from a 10-ml culture volume was lysed by heating at 100°C in 125 ,ld of 60 mM Tris-HCl (pH 6.8)-1% SDS for 5 min and then diluted to 1 ml with the same buffer without SDS. Benzonase (200 U) was added, and the solution was incubated at 37°C for 5 h. Proteinase K was added to a final concentration of 10 ,ug/ml, and incubation proceeded for a further 24 h. Electrophoresis was done with a 16.5% polyacrylamide gel and the tricine buffer system as described by Lesse et al. (17) . LPS from S. typhimurium (smooth strain) and rough strains S. typhimurium TV119 (Ra mutant) and SL1181 (Re mutant) were used as standards. Gels were fixed and silver stained as described by Tsai and Frasch (29) .
LPS isolation. The LPS used for high-performance liquid chromatography (HPLC) analysis was isolated from 2-to 5-g (wet weight) batches of X. campestris pv. campestris cells grown aerobically in modified M9 medium supplemented with 3% glucose and 0.05% Casamino Acids. Prior to LPS isolation, the pelleted cells were extensively washed with 1% NaCl and then distilled water (twice) to remove EPS. LPS was extracted from harvested cells with EDTA-SDS as described elsewhere (6) .
LPS sugar composition. Purified LPS was hydrolyzed in 2 M trifluoroacetic acid for 4 h at 100°C, extracted with chloroform, and freeze-dried. Samples were dissolved in water, and neutral and amino sugars were analyzed by high-performance anionexchange chromatography with pulsed amperometric detection on a Carbopac PAl column (250 by 4 mm; Dionex, Sunnyvale, Calif.) and isocratic elution (1 ml/min) with 10 mM NaOH.
Measurement of dTDP-glucose 4,6-dehydratase activity. dTDP-glucose 4,6-dehydratase activity was determined spectrophotometrically as described by Zarkowsky and Glaser (34 (12) . A restriction map of the 35.5-kb DNA insert showing the location and minimum extent of the complementation groups is presented in Fig. 1A . Five TnS-lac-induced mutants carrying insertions in a 3.9-kb SmaI-XhoII DNA region (Fig. lB) containing complementation groups C and D were found to exhibit very similar phenotypes. When grown on TY or minimal medium supplemented with 3% glucose, mutants B100-11, B100-40, B100-35, B100-32, and B100-7 produced smaller amounts of EPS than did wild-type (WT) strain B100. We analyzed the sugar composition of the EPS isolated from all of the mutant strains. The EPS consisted of glucose, mannose, and glucuronic acid in the expected ratio of 2:2:1. No other sugars were detected (data not shown). Hence, the EPS produced by the mutant strains was confirmed as being xanthan. More pronounced differences in appearance were observed when colonies were grown on TY medium without glucose. Mutant B100-7 retained a WT-like smooth colony appearance, whereas all of the other mutants carrying a mutation in this 3.9-kb SmaI-XhoII fragment were character- 1) were used as standards. The gel was run in the tricine buffer system as described by Lesse et al. (17) and silver stained as described by Tsai and Frasch (29) .
ized by a rough colony morphology. Data from other gramnegative bacteria have shown that defects in LPS biosynthesis are often correlated with a number of other mutant phenotypes, such as rough colony morphology, autoagglutination in liquid medium, and loss of motility (4, 14, 24) . Except for B100-7, which showed an intermediate phenotype, all of the mutants strongly agglutinated in liquid medium and also showed reduced motility on soft agar compared with the WT (data not shown). Furthermore, it was found that autoagglutination was dependent on Ca2 . Virtually no autoagglutination was observed when the mutants were grown in TY medium without Ca2+. These findings suggest that this 3.9-kb SmaIXhoII DNA region is involved in LPS biosynthesis.
To obtain more information about the altered LPS structure, LPS from the WT and all of the strains mutated in this DNA fragment were prepared from proteinase K-treated whole-cell lysates as described in Materials and Methods and analyzed by PAGE in comparison with well-characterized LPS of S. typhimurium smooth and rough strains. The silver-stained LPS gel is shown in Fig. 2 . In WT LPS (lane 9), three bands were detected. A ladder-like structure, as could be seen in S. typhimurium LPS (lane 3), was not observed. However, from the comparison of S. typhimurium LPS (lane 3) with X. campestris LPS (lane 9) it was concluded that the upper diffuse band represents the 0-antigen-containing LPS. From the comparison of the lower two bands of X campestris LPS with the bands representing the LPS of the S. typhimurium Ra (lane 2) or Re (lane 1) mutant, it was deduced that these bands probably contribute to the core oligosaccharide. Whereas no differences in the LPS core region between the X campestris WT and mutant strains were observed, the upper band, representing the 0-antigen-containing LPS, was missing in all of the mutant LPS profiles (lanes 4 to 8). The LPS profile of mutant B100-7 (lane 8) showed new bands which migrated faster than WT LPS, which might be explained by a lower degree of polymerization of the 0-antigen repeating units. These data suggest that all of the mutants were affected in 0-antigen biosynthesis.
The LPS of X. campestris mutants carrying mutations in the 3.9-kb SmaI-XhoII DNA region do not contain rhamnose. The data from the SDS-PAGE analysis of the LPS indicated that the 3.9-kb SmaI-XhoII DNA region is involved in LPS biosynthesis. To analyze the functions encoded by this DNA fragment, we determined the monosaccharide composition of the 4 h, 100°C) of purified LPS from WTX campestris pv. campestris B100 and mutant strains B100-32 and B100-11 were separated by high-performance anion-exchange chromatography with pulsed amperometric detection on a Carbopac PAl column with isocratic elution (1 ml/min) with 10 mM NaOH. The identities of the components obtained by chromatography of a standard sugar solution are given above the peaks. Only the relevant parts of the chromatograms are shown.
LPS of mutants B100-11 (complementation group C) and B100-32 (complementation group D) (12) . Since there are conflicting data on the sugar composition of X campestris LPS (27, 30) , we first established the composition of purified X campestris pv. campestris B100 (WT) LPS. The neutral and amino sugars obtained by acid hydrolysis of the LPS were analyzed by high-performance anion-exchange chromatography with pulsed amperometric detection on a Carbopac PAl column. The relevant part of the chromatogram is presented in Fig. 3 . It can be seen that the WT LPS consisted of the hexoses glucosamine, glucose, mannose, and rhamnose in an approximate ratio of 1:1.2:0.6:0.6. Also, galacturonic acid, but no glucuronic acid, was detected (data not shown).
The monosaccharide composition of the LPS of mutant strains B100-32 and B100-11 were analyzed by high-perfor-. mance anion-exchange chromatography with pulsed amperometric detection. The results are presented in Fig. 3 . Mutants B100-32 and B100-11 had similar HPLC profiles. Both mutants lacked most of the rhamnose peak, whereas glucosamine, glucose, and mannose were present in a ratio different from that in the WT (1:0.7:0.6). These results strongly suggested that the gene functions encoded by the 3.9-kb DNA fragment are involved in the biosynthesis of the rhamnose moieties of the LPS molecule.
Sequence analysis of the 3.9-kb SmaI-XhoII DNA fragment resulted in the identification of four open reading frames (ORFs). The complete nucleotide sequence of the 3,905-bp SmaI-XhoII DNA fragment was determined for both strands. From restriction enzyme analysis, it was deduced that the insertion of TnS-lac in mutant B100-7 is located outside the coding region in front of ORF351 (Fig. 1B) . This was confirmed by sequencing, which established the Tn5-lac insertion at position 3765, 79 bp upstream of the GTG start codon. The TnS-lac insertion sites in mutants B100-32 and B100-35 were both determined within the coding region of ORF295, whereas the insertion of Tn5-lac in mutant B100-40 mapped within ORF183 (Fig. 1B) . The insertion resulting in mutant B100-11 was localized within ORF302 (Fig. 1B) .
The four ORFs identified may encode a set of enzymes involved in the conversion of glucose 1-phosphate into dTDPrhamnose. The predicted amino acid sequences of ORF351, ORF295, ORF183, and ORF302 were compared to protein sequences in the National Biomedical Research Foundation protein data base. A significant degree of homology with the deduced amino acid sequences of genes of the rfb cluster of S. typhimurium LT2 was found (13, 22) . The amino acid comparisons are presented in Fig. 4 . The deduced amino acid sequence of ORF295 revealed 67% homology to the amino acid sequence deduced from rfbA (Fig. 4A) , which encodes dTDPglucose pyrophosphorylase, which catalyzes the first step in the biosynthesis of dTDP-rhamnose (Fig. 5) . On the basis of this homology and the fact that mutations of ORF295 also resulted in a mutant LPS lacking rhamnose, we called this gene rfbA.
The amino acid sequence deduced from ORF351 showed 57% homology (over 349 aa) to the translated amino acid sequence of the S. typhimurium rfbB gene (Fig. 4B) , which has been found to encode dTDP-glucose 4,6-dehydratase, an enzyme that catalyzes the second step of dTDP-rhamnose biosynthesis (Fig. 5) Comparison of the deduced amino acid sequences of ORF302 and ORF183 with the proteins in the National Biomedical Research Foundation data base showed a high degree of homology to the last two enzymes of the S. typhimurium dTDP-rhamnose biosynthetic pathway. ORF302 was found to have 38% identical residues when compared to the RfbC protein (Fig. 4C) , whereas ORF183 showed 56% identity with the amino acid sequence deduced from rfbD (Fig. 4D) . RfbC and RfbD of S. typhimurium have been reported to catalyze the epimerization of dTDP-6-deoxy-D-xylo-4-hexulose to dTDP-6-deoxy-D-lyxo-4-hexulose and the subsequent NADPH-dependent reduction to dTDP-rhamnose (Fig. 5) . Because of the striking homology and also because of the clear LPS phenotype of mutants carrying mutations in ORF302 and ORF183 (Fig. 2) , we called these two genes rfbC and rfbD, respectively. DISCUSSION This report describes the structural and functional analysis of a 3.9-kb SmaI-XhoII DNA region which was found to be involved in LPS biosynthesis in X campestris pv. campestris. Sequence analysis identified four ORFs which showed a high percentage of homology to the rfbA-D genes of S. typhimurium LT2 (13) . In contrast to the previously described 3.4-kb EcoRI-PstI fragment (15) which, when mutated, influenced the biosynthesis of EPS and LPS, the 3.9-kb DNA region seems to be involved exclusively in LPS production. Whitfield et al. (31) reported on mutants of X. campestris which produced an EPS containing unusual sugars normally found only in the LPS. No difference between the monosaccharide composition of WT EPS and that of the EPS produced by the five mutants analyzed was detected, although the mutants produced smaller amounts of xanthan. This might be explained by the inhibition of UDP-glucose pyrophosphorylase by dTDP-glucose, as reported by Bernstein and Robbins for UDP-glucose pyrophosphorylase of E. coli (3) . In X campestris rfbB, rfbC, and rfbD mutants, an unusually high level of dTDP-glucose may accumulate. This could then result, through competitive inhibition of UDP-glucose pyrophosphorylase, in lower levels of UDPglucose and, hence, reduced EPS production. However, it should be mentioned that this could not be the reason for the lower level of EPS production of the rfbA mutant.
PAGE revealed marked differences between the LPS of the WT and mutant strains. Since no X campestris pv. campestris LPS profiles had been published, the interpretation was made by analogy with data available for other gram-negative bacteria. It is generally accepted that the high-MW band represents LPS molecules containing the 0 antigen, whereas the lower-MW bands correspond to the LPS core region. This interpretation is in agreement with the phenotypes observed for the mutants described here and with the results of HPLC analysis and enzyme assays. Mutants lacking the presumptive 0-antigen band showed a rough colony appearance and autoagglutination in liquid medium, whereas mutant B100-7, which showed an altered pattern in the gel, was characterized by a smooth colony appearance and an intermediate phenotype with respect to autoagglutination. It remains unclear whether the observed shift of the 0-antigen-containing LPS of mutant B100-7 to lower MWs is a result of (i) the synthesis of an altered (shortened) repeating unit because of the lack of (13, 22) . (20) . rhamnose or (ii) an 0 antigen having normal repeating units but a reduced degree of polymerization. We propose that the altered LPS of mutant B100-7 is due to a reduced degree of polymerization. This assertion was supported by low levels of rhamnose detectable in LPS preparations of this mutant strain (data not shown) and the drastically reduced dTDP-glucose 4,6-dehydratase activity found in cell extracts of B100-7. This reduction in enzyme activity might be caused by a decrease in the transcription of ORF351 generated by insertion of Tn5-lac in its 5' upstream region. Monosaccharide analysis of the LPS demonstrated the involvement of the 3.9-kb DNA region in the biosynthesis of rhamnose. The few data about the sugar composition of X campestris LPS available are contradictory. The water-soluble X. campestris LPS analyzed by Volk (30) was found to contain glucose, mannose, galactose, rhamnose, and galacturonic acid in the polysaccharide fraction, but no heptose was detected. In contrast, Sutherland and Kennedy (27) published a different sugar composition including heptose. This discrepancy could be due to a strain-specific difference in 0-antigen composition, as described for other gram-negative bacteria. Our data correspond to those of Volk (30) , except that no galactose was detected. As shown by HPLC analysis (Fig. 3) , rhamnose was drastically reduced in the mutant strains analyzed but was not completely missing. A possible explanation may be contamination with a second, phenolsoluble LPS, as described by Hickman and Ashwell (10) . This novel LPS found in X. campestris was reported to contain D-rhamnose and 3-acetamido-3,6-dideoxygalactose as main components but no 2-keto-3-deoxyoctulosonic acid. Since the anion-exchange column used for the HPLC analysis could not discriminate between D and L forms, both optical isomers would elute at the same retention times.
Although no attempts were made to determine all of the enzymatic functions of all four of the X campestris pv. campestris genes described in this study, the high degree of homology to the rfbA-D genes of S. typhimurium (Fig. 4) , in combination with the observed LPS mutant phenotypes, the lack of 0 antigen (Fig. 2) , and the lack of rhamnose moieties in purified mutant LPS (Fig. 3) , indicated the identity of the X campestris genes which code for the enzymes necessary to synthesize dTDP-rhamnose (Fig. 5) , the immediate precursor of the rhamnose moieties of LPS. Despite all similarities, there are some differences between the X campestris and S. typhimurium sequences. The gene order in S. typhimurium was found to be rfbB rfbC rfbA rfbD (22) . By computer analysis, one potential promoter was found in front of rfbB (13) . In X campestris, the genes are organized differently, i.e., in the order rfbB rfbA rfbD rfbC. Although no consensus promoter sequences were detected, it was found previously by complementation analysis that these genes are arranged in at least two complementation groups (12) . RfbC corresponds to complementation group C, whereas rfbA and rfbD correspond to group D. Because of its weakly pronounced phenotype, mutant B100-7 could not be correlated with one of these two operons. However, there was also no evidence that B100-7 does not belong to group D.
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